Many properties of real materials can be modeled by ab initio methods within a single-particle picture. However, for an accurate theoretical treatment of excited states, it is necessary to describe electron-electron correlations including interactions with bosons: phonons, polarons, or magnons. Electron dispersion anomalies, such as kinks, are regarded as signatures of an electronboson interaction, expected to occur at the scale of the boson energy (typically up to few hundred meV) [1][2][3][4] [5] . In the case of superconducting materials, the appearance of kinks is a priceless clue pointing to the origin of the electronelectron coupling [6] [7] [8] [9] . In this work, by comparison of spin-and momentum-resolved photoemission spectroscopy measurements to firstprinciples calculations, we show that a kink in the electronic band dispersion of a ferromagnetic material can occur at much deeper binding energies than expected (E b = 1.5 eV). We demonstrate that the observed spectral signature reflects the formation of a many-body state that includes a photohole bound to a coherent superposition of spin-flip excitations. The existence of such an exotic many-body state sheds new light on the physics of the electron-magnon interaction which is essential for fields such as spintronics [10] and Fe-based superconductivity. [11] .
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Spin-flip excitations, including single-particle Stoner and collective spin-wave excitations (magnons), schematically shown in Fig. S1(a) , are fundamental for the description of ferromagnetic materials [12] [13] [14] [15] . While magnons have a well defined dispersion relation with excitation energies up to a few hundred meV, the Stoner excitations form a quasi-continuum in the magneticexcitation spectrum and their excitation energies are typically in the order of a few eV. Although the spin of majority electrons is more likely flipped than that of minority electrons [ Fig. S1(b) ], a minority spin flip can have a strong effect on the electronic dispersions, as this Letter reveals.
The interaction between conduction electrons and magnons is critical for fundamental physical properties, such as the temperature dependence of the resistivity [16] and magnetotransport [17] . It also plays an essential role in models that describe the laser-induced ultrafast demagnetization [18] . On the more applied side, electronmagnon interactions are the basis of the field of magnonics, which offers prospects of faster and more energyefficient computation [10] . In ferromagnetic materials, kinks observed by photoemission at binding energies of 100-300 meV were interpreted as originating from the electron-magnon interaction because the involved energy scale was regarded as too large to reflect electron-phonon interaction [4, 5] . Up to now, this interpretation was merely a suggestion, as no ab initio method has been able so far to reproduce magnon-induced kinks.
In this work, we have experimentally mapped the electronic band structure of an Fe(001) thin film and identified a characteristic kink located 1.5 eV below the Fermi level, which can be reproduced by ab initio calculations based on a diagrammatic expansion of the self-energy, a quantity that describes the deviation of the quasiparticle spectrum from the 'undressed' electron picture. This GT self-energy [ Fig. S1(d) ] accounts for the coupling of electrons or holes (Green function G) to the correlated many-body system through the creation and absorption of spin-flip excitations (T matrix). The T matrix is a four-point quantity which describes the correlated motion of an electron-hole pair with opposite spins. In this way the theory takes into account the full nonlocal magnetic excitation spectrum treating magnons and Stoner excitations on an equal footing. Details of the theory are presented in the Supplementary Information and in Ref. 19 and Ref. 20. To get experimental access to the bulk electronic structure of Fe, we have used a thin Fe film (38 ML) deposited on a Au(001) single crystal. The photoemission measurements have been performed at the NanoESCA beamline of Elettra, the Italian synchrotron radiation facility, using a modified FOCUS NanoESCA photoemission electron microscope (PEEM) in the k-space mapping mode [21] . The experiment is shown schematically in Fig. S1 (c). We will discuss here the results obtained using s-polarized light of hν = 70 eV, which according to the free-electron final state model induces transitions from the initial states located close to the Γ point of the bulk Brillouin zone. Complementary results of the measurements with p-polarized light, as well as spinresolved measurements are shown in the Supplementary Information (Fig. S1 ). Figure S2 (a) presents a comparison between experiment and a mean-field band structure of bulk Fe obtained with the local-spin-density approximation (LSDA) [22] . The blue (red) labels identify the symmetry of the orbital part of the wavefunctions for minority (majority) states. Here, we neglect the spin-orbit coupling (SOC), as we are interested in the general shape of the bands within a wide binding energy range. The effect of the SOC on the Fe(001) electronic states close to the Fermi level was discussed earlier [23] . In the Supplementary Information, we also compare the experimental spectrum to GW calculations. The identification of the experimentally observed electronic states is possible thanks to the results of the spin-polarized measurements (Supplementary Information, Fig. S2 ) and the consideration of the dipole selection rules that depend on the photon polarization. Specifically, we identify a minority band of ∆ 2 symmetry, which is particularly sharp, especially in contrast to the majority bands (e.g. ∆ 1 ), which become broad and diffuse directly below the Fermi level. Importantly, in contrast to the prediction of LSDA and GW calculations, the experimentally observed minority band ∆ 2 exhibits a peculiar anomaly near a binding energy of E b = 1.5 eV [marked by arrows in Fig. S2(a) ].
Figure S2(b) shows the theoretical spectral function as obtained from the GT calculation summed over the spins on the left and only for the minority spin on the right. We observe a strong renormalization and lifetime broadening of the band structure, in particular, for the majority bands. For example, the majority ∆ 2 band loses its quasiparticle character completely below E b = 1 eV, which explains why this band is not visible in the experiment [ Fig. S2 (a)] despite favorable dipole selection rules. This is in line with earlier theoretical reports [24, 25] . In the minority channel, the calculated band dispersions remain relatively sharp. However, the minority ∆ 2 band exhibits an anomaly that seems to coincide with the kink observed in the photoemission experiment. In order to compare the theoretical prediction with the experimental measurement, we have fitted experimental momentum distribution curves (MDC) with a Lorentzian function on a linear background [ Fig. S3 (a)] for binding energies between 0.8 and 2.0 eV and superimposed the fitted peak positions on the experimental and theoretical spectral functions in Figs. S3(b) and (c). Both curves, the experimental and the theoretical one, strikingly show the band anomaly at roughly the same energy and momentum. For further analysis, we compare in Fig. S3 (d) the experimental (circles) and theoretical spectral functions (lines) taken at k = 1.3Å −1 . We observe a characteristic double-peak structure in both, which indicates a transfer of spectral weight from one branch of the quasiparticle band to another resulting in the appearance of a kink. Interestingly, the binding energy at which the anomaly appears is much higher than what one would normally expect for electron-magnon scattering. Specifically, it is larger than typical magnon energies. The reason for this is twofold. First, self-energy resonances appear not at the boson energy, but rather at the sum of two energies: the boson (e.g., magnon) energy (from T ) and a single-particle energy (from G). Second, we consider a coupling of a propagating minority spin hole to excitations that, due to spin conservation, would have to carry a spin of +1, which is just opposite to the respective spin transfer of magnon excitations. The coupling is thus predominantly with Stoner excitations, whose energies are typically larger than magnon energies. In fact, Fig. S1(b) (left panel) shows a particularly strong resonance around 0.7 eV, which, together with a peak in the majority density of states of bulk iron ( Supplementary  Information, Fig. S4 ) at 0.8 eV, produces a self-energy resonance at around 1.5 eV. This resonance is a manifestation of a many-body state that can be described as a majority hole bound to correlated (electron-hole) Stoner excitations and that, by interaction with the minority band, is ultimately responsible for the appearance of the band anomaly. In other words, a minority photohole is created in the photoemission process, which becomes dressed with electron-hole pairs of opposite spins (Stoner excitations), and flips its spin in the process. This manybody state has a resonance at around E b = 1.5 eV.
By examining other k-space directions, we find that the appearance of the high-energy kink is very sensitive to the value of the self-energy, and therefore strongly dependent on the k direction (see Fig. S5 in Supplementary Information).
The high-energy kink identified in our work seems similar to the results of F. Mazzola et al. [26, 27] , who found a kink in the σ band of graphene close to E b = 3 eV. In this case, however, the authors attribute the kink to the strong electron-phonon coupling near the top of the σ band, which effectively places the kink exactly at the boson energy. It is also important to note that some high-energy anomalies, observed especially for cuprates [28] [29] [30] , were later interpreted to be the result of the photoemission matrix elements [31] [32] [33] . We can rule out such an explanation in our experiment, as it is not related to the suppressed photoelectron intensity near a high-symmetry direction [31] [32] [33] . It is interesting to note, however, that we observe a similar suppressed intensity for the majority band ∆ 1 near the Γ point [ Fig. S2(a) ].
While the experimental position and shape of the kink match the prediction by the GT renormalization very well, it should be mentioned that the calculation has been carried out without SOC. The SOC gives rise to an avoided crossing between the minority ∆ 2 band and both the majority ∆ 5 and ∆ 2 bands of the size equal to 60 meV and 100 meV, respectively [23] . However, experimentally, we observe only one kink along the ∆ 2 minority band, with the separation in the double-peak structure as large as 600 meV [shown in Fig. S3(d) ], which is why we can rule out that SOC is responsible for the observed band anomaly. Furthermore, the surface states that could potentially interfere with the bulk electronic dispersion are not visible in our experiment (also when measured with other photon energies) [23] .
The exotic many-body state observed in our experiment bears similarities with the 'plasmaron', a bound state of an electron (or hole) and a plasmon [34] , which can appear as satellite resonances in photoemission spectra. However, there are important differences, too. First, from a formal point of view, the plasmon propagator is a two-point function (in space and time), while the T ma-trix is a four-point function obtained from a solution of a Bethe-Salpeter equation. Second, the plasmon energy is quite large (typically around 20 eV), and the plasmaron peaks therefore appear at large binding energies well separated from the quasiparticle bands. In our case, the self-energy resonances are energetically so close to the quasiparticle bands that they strongly interact with each other, potentially leading to anomalous band dispersions like the one discussed in this work.
In summary, our combined experimental and theoretical analysis of the electronic dispersions in iron revealed the formation of a new many-body spin flip excitation which manifests itself by a kink located at unusually high binding energy (E b = 1.5 eV). This newly discovered excited state is a bound state of a majority hole and a correlated electron-hole pair of opposite spins. The observed kink structure is thus of a pure electronic origin, and its prediction from first principles requires a sophisticated quantum-mechanical many-body treatment, in which the k-dependence of the self-energy is sufficiently taken into account.
METHODS
The momentum resolved photoemission was performed using the momentum microscope at the NanoESCA beamline in Elettra synchrotron in Trieste (Italy) [35] . The 38 ML Fe film was grown in-situ on a Au(001) single crystal at low temperature (T=140K) using molecular beam epitaxy and gently annealed up to 300 • C. This preparation procedure was found previously to result in high-quality Fe(001) films, with no Au present on the Fe surface [23] . This was also confirmed by X-ray photoelectron spectroscopy (XPS) measurements. The microscope is equipped with a W(001)-based spin detector [36] , which enables collecting constant energy spin-resolved maps within the entire Brillouin zone of Fe(001). The images were obtained using photon energy of hν = 70 eV of p or s polarization. The photon beam impinges under an angle of 25 • with respect to the sample surface and along the kx = 0 line. According to the free-electron final state model, such a photon energy corresponds to performing a cut through the 3D Brillouin zone close to the Γ point. An analysis of the spin-resolved images was performed following the procedure described in [37] . Before each measurement, the sample was remanently magnetized. The theoretical calculations were performed in the all-electron full-potential linearized augmented-plane-wave (FLAPW) formalism as implemented in the FLEUR DFT and SPEX GW code [38] . To describe the electron-magnon interactions, an ab initio self-energy approximation was derived from iterating the Hedin equations [34] , resulting in a diagrammatic expansion from which we have singled out the diagrams that describe a coupling to spin-flip excitations. A resummation of these ladder diagrams to all orders in the interaction yields the GT self-energy approximation, which has a similar math-ematical structure as the GW approximation as it is given by the product of the single-particle Green function G and an effective magnon propagator T . The T matrix depends on four points in real space and its implementation involves the solution of a Bethe-Salpeter equation. The numerical implementation is realized using a basis set of maximally localized Wannier functions that allows an efficient truncation of the T matrix in real space. The self-energy is calculated by the method of analytic continuation. The details of the implementation are presented in Refs. 19 and 20. 
PHOTOEMISSON MATRIX ELEMENTS
To get access to the bulk electronic structure of Fe, we used a thin Fe film (38ML) deposited on a Au(001) single crystal. The measurements were performed at the NanoESCA beamline of Elettra, the Italian synchrotron radiation facility, using a modified FOCUS NanoESCA photoemission electron microscope (PEEM). This set-up, operating in reciprocal space mode, preserves the angular distribution of the photoemitted electrons, allowing to acquire, during a single acquisition, two-dimensional momentum maps, with a wide reciprocal space range: k x , k y ∈ (−2, 2)Å −1 [Fig. S1(a) and (b) for s-and p-polarized light, respectively]. A photon energy of hν = 70 eV was used. The photon incidence direction is marked in Fig. S1b by a wiggly arrow. The films were remanently magnetized before each measurement, and the magnetization direction is represented by a gray arrow in the upper right corner of Figs. S1(a-b). By varying the kinetic energy of the photoemitted electrons collected into the microscope, it is possible to acquire series of patterns corresponding to different binding energies. Accordingly, the band dispersion along a chosen direction in k-space can be obtained by taking the corresponding intensity profiles within such image stacks [ Fig. S1(c, d) and (e, f) for s-and p-polarized light, respectively]. On top of the experimental dispersions, results of the GW calculations are superimposed with the labels that identify the symmetry of the orbital part of the wavefunctions. Blue lines correspond to majority spin, red lines to minority spin. The identification of the experimentally observed electronic states is possible based on the consideration of the dipole selection rules, which depend on the photon polarization. For example, in case of s-polarized light and emission in the plane of light incidence [ Fig. S1(d) ], matrix elements favor transitions from the initial states of odd symmetry, i.e., ∆ 5 and ∆ 2 , and quench transitions from the initial states of even symmetry ∆ 1 and ∆ 2 . When we examine the initial states visible in the experiment along the same direction, but excited with ppolarized light [ Fig. S1(f) ], we see that transitions from the states of even symmetry are allowed. This analysis enables us to identify a minority band of ∆ 2 symmetry, clearly visible in dispersions measured along k y = 0 with s-polarized light [Fig. S1(c) ] and along k x = 0 with ppolarized light [ Fig. S1(f) ].
SPIN-SENSITIVE MEASUREMENT
In addition, we obtained direct information on the spin polarization of the states of interest, thanks to the result of spin-resolved measurements (Fig. S2) . The spinresolved constant-energy cut near the Fermi level measured with s-polarized light is shown in Fig. S2(a) . The applied two-dimensional color map is included in the inset. The blue (red) color corresponds to minority (majority) states. The light incidence direction is marked with a wiggly arrow. Figures S2(b) and (c) present energy dispersions measured for s-polarized light. On top of the experimental dispersions, results of the GW calculations are superimposed (the same as in Fig. S1 ). Based on the result shown in Fig. S2(b) (Γ-H direction, for which k y = 0) we can confirm the identification of a minority band ∆ 2 as well as a majority band ∆ 1 . The high spectral intensity related to the minority bands ∆ 5 and ∆ 2 is also clearly visible. In Fig. S2(c) (Γ-H direction, for which k x = 0), additional intensity from the majority ∆ 2 band is visible.
SELF-ENERGY
As a result of the interactions and correlations among the electrons in a solid, a spectral function measured by photoemission differs from the one obtained for 'undressed' particles. The quantity that embeds a single particle (electron or hole) into the interacting many-body system is the self-energy Σ(r, r ; ω), which is complexvalued: its real part describes shifts in the electron binding energy, and its imaginary part yields the lifetime broadening of the states.
The spin-σ spectral function of the interacting manybody system reads
where the trace is taken over all states. The quantities Σ σ (k, ω) and H(k) are matrices represented in terms of an orthogonal set of Bloch functions of momentum k (we use the LSDA eigenfunctions) with the LSDA Hamiltonian H and the identity matrix I. The parameter ∆ x is determined in such a way that the Goldstone condition is fulfilled [1] [2] [3] .
The imaginary part of the experimental self-energy is defined as 2ImΣ = δE = (dE/dk)δk [4] , where δE and δk are the band broadenings in terms of energy and momentum, respectively. In order to obtain the selfenergy from the experimental result, we fitted momentum distribution curves (MDC) with Lorentzians on a linear background (as shown in Fig. 3 (a-b) in the main part of the article), extracting peak positions and fullwidth half-maximum (FWHM) line widths. We used the FWHM of the fitted Lorentzians [shown as a function of binding energy in Fig. S3(a) ] to find δk while dE/dk was obtained as slopes of the linear functions fitted to the fragments of the experimental dispersion. To obtain ReΣ(ω), it is necessary to quantitatively compare the experimental dispersion with the shape of the 'undressed' band. To reproduce the shape of the theoretical band, we fitted a quadratic function to the ∆ 2 band obtained from a GW calculation. Next, we used the same fit parameters, only allowing the change in the binding energy (which accounts for the possible difference in the Fermi level position between theory and experiment), to fit the experimental points [ Fig. S3(b) , red points], obtaining k . The result of the fit is presented in Fig. S3(b) with a blue solid line. The real part of the self-energy is then defined as E k − k , where E k is the experimental dispersion. The resulting experimental ImΣ(ω) and ReΣ(ω) are presented in Fig. S3(c) and (d) , respectively. They compare remarkably well with the corresponding calculated self-energies [ Fig. S3 (e) and (f)]. Importantly, ReΣ(ω) exhibits a strong variation with binding energy and changes sign when passing the point of E b = 1.5 eV, where ImΣ(ω) shows a peak. This indicates a resonance of the self-energy, which stems from the strong electronmagnon coupling.
DENSITY OF STATES
The energy of the many-body state that is responsible for the appearance of the kink is approximately given by the sum of the spin excitation (magnon) energy and the binding energies of the majority hole states that couple to the magnon. Figure S4 shows the LSDA density of states (DOS) of bulk Fe. Majority and minority DOS are shown separately. The maximum of the majority DOS is found close to E b = 0.8 eV. By analyzing the theoretical data, we have revealed that the majority bands forming this DOS peak are indeed the ones that couple most strongly to the many-body spin excitation. 
COMPARISON TO Γ-N DIRECTION
In order to check whether the high-energy kink is a general phenomenon that would appear for all minority bands, we examined a minority band along the Γ-N direction [ Fig. S5(a) ]. Apparently, a high-energy kink along the Γ-N direction is not visible. Figures S5(b) and (c) show as solid lines the spectral functions taken at the momenta where the bands cross E b = 1.5 eV, marked by vertical lines in (a). The line corresponding to Γ-N shows a single peak, whereas the one corresponding to Γ-H shows a double peak, indicative of the kink. We have included artificial spectral functions as dashed lines, which are obtained with self-energies scaled by factors of 3.0 (b) and 0.5 (c) for the two k directions, respectively. As a result of this scaling, the single peak turns into a double peak and vice-versa, which demonstrates that the appearance of the high-energy kink is highly sensitive to the strength of the coupling between the minority hole and the many-body state, which depends on the particular band and the direction in k space. green solid lines, respectively). A double-peak feature appears if the band dispersion exhibits a kink. When the self-energy along the Γ-N direction is scaled by three (green dashed line), a double peak develops also along Γ-N. (c) Similar to (b), but the self-energy along Γ-H is scaled by 0.5 (dashed blue line), resulting in a single peak, and as a consequence the kink disappears.
